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1Chapter 1
Introduction
Volumetric data for liquid metals are needed because excess enthalpies, 
entropies, and temperature derivatives of excess Gibbs energies for liquid metals 
are volume dependent. In the past solution models have used some sort of 
volumetric dependence. However, these volumetric dep ?riencies often were not 
subjected to experimental verification. For this reason accurate volumetric data will 
assist workers in their developments of solution models for liquid metals.
A search of the literature indicates that a good portion of the liquid metals 
data is either incomplete or has been poorly done. Thus the goal of this work will 
be to supplement the literature with data for both pure liquid metals and binary 
liquid metal alloys.
Chapter 2 discusses a two parameter Redlich-Kister type expansion that was 
used to express the molar and excess volumes by.
Chapter 3 presents new experimental measurements of three pure liquid metals 
and four binary liquid metal alloys.
New forms of liquid meta! thermodynamic models are needed for the 
advancement of industrial technologies. As an example it has been shown that the 
choice of a suitable liquid metal solvent will speed up the kinetics of carbothermic 
reduction reactions. ( see Eckert et. al., 1984 ). It is hoped that this data will 
provide accurate volumetric data so that future workers will be able to develop the 
needed thermodynamic models for liquid metal alloys.
2Presentation of Data
In order to smooth the data and minimize uncertainties, it was 
come up with an equation to fit the data with a minimum number of parat
A linear relationship may be used to describe the dependence of molt 
on temperature. The equation may be given by :
vm = a„ T( *C ) + bm (1)
where the subscript m refers to the mixture of two components.
If there is a non-compound forming system, the slope of a mixture, a,,,! 
described by a linear combination of the slopes of both pure components.
a» = xAaA + xBa* (2)
Now, the intercept of a mixture, bm, can be represented by the expressk 
below.
bm = ( xAbA + xgbg ) + xAx„( A + B( xA - xB )) (3) 
where A and P are also a linear relationship dependent on temperature 
( A = A, T( *C ) + A, ; B =* B, T( “C ) + B, ). Equation 3 was put into tl 
so that a two parameter Redlich-Kister type expansion would express thel 
volume. The form of the excess volume expression can then be given below|
v* = xAx„( A + B( xA - x„ )) (4)
In order to smooth the data, a non-linear least squares routine was u: 
all of the experimental data to find the best constants A,, A„ B„ and 
constants are tabulated in Appendix A for the four alloy systems. All of
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presented on graphs have been fit by this method in order to present the data in a 
neat fashion. Also in Appendix A is a documentation of a FORTRAN program that 
was written to find the best constants for the. experimental data.
The curves used to fit the data should not be treated too importantly. The 
method chosen to display the curves was only meant to enhance the data.
3
4Experimental Method
There is a need in the literature for accurate excess volume data. The current 
data available is either incomplete or is of poor quality. Excess volume 
determinations are difficult because of the small magnitudes of excess volumes in 
comparison with the large experimental uncertainties in the associated measurement 
techniques. An accurate knowledge of excess volumes of binary liquid metal alloys 
is needed to calculate the surface tension and viscosity of liquid metal alloys from 
the experimental data. The lack of density data and the disagreement between 
various worker’s volumetric measurements of liquid metals makes for the need of 
more accurate density data.
A good quantity of the density data in the literature has been obtained from 
surface tension measurements. Since the primary goal of these experiments was to 
obtain good surface tension data, less proper treatment was given to the density 
data that was obtained and published. The result then is that a review of the 
literature contains much discrepancies between various measurements due to 
systematic errors in the apparatus and methods used to collect the data (Lira, 
1986).
Because of the need for more accurate density data, volumetric measurements 
were performed for pure liquid metals and binary liquid metal alloys. The 
experimental method used for this work is the direct Archimedean method and 
shall be discussed briefly. In the literature extensive reviews by Lucas (1970), 
Veazey and Roe (1972), and Crawley (1974) describe the various . x peri mental
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methods and the associated advantages and disadvantages of each technique. The 
reviews also cite the publication of much of the. data obtained by these methods.
3.1 Archimedean Methods
The data presented here was obtained by the direct Archimedean technique 
The indirect Archimedean technique is similar to the direct method in that both 
methods are based upon the buoyant force that a liquid exerts on an object 
immersed in the liquid. In the indirect method a crucible is supported from a 
balance. The crucible is then immersed in some molten salt of a known density. 
The buoyant force exerted on the crucible by the molten salt can then be calculated 
by knowing the weight of the crucible before and after immersion into the molten 
salt. Then the volume of the mass of liquid metal in the crucible can be indirectly 
determined.
The direct Archimedean method differs from the indirect method in that an 
inert bob is immersed into a crucible containing a known mass of a liquid metal. 
The bob is supported from the balance by a fine suspension wire. The weight of 
the bob is measured before and after immersion into the melt. Thus by knowing 
the buoyant force exerted on the bob by the liquid metal melt, it is possible to 
obtain the density of the liquid metal melt.
Before proceeding with direct Archimedean techniques certain criteria must be 
met. First, the bob must interact within the melt well if good data is a necessity. 
This precludes that the inert bob and the liquid melt are compatible. Second, it is 
necessary to have thermal expansion data for the bobs because the bob is usually
5
6calibrated in a liquid at room temperature. Having met ail these requirements, the 
accuracies obtainable by the direct Archimedean method is second only to 
pycnometric techniques. Also, it is possible to make additions of metal to the 
crucible during an experiment. A good amount of volumetric data can then be 
realized per run. The following section will cover the experimental technique used 
in this work more extensively.
3.2 The Direct Archimede’s Technique
Figure 3-1 is an illustration of a simple setup used in a direct Archimede’s 
experiment. The density of the melt in the crucible can be calculated from 
equation 3 :
P = ( F„ + o  ) /  ( Va + Vw ) (5)
where p is the density of the melt, F„ is the buoyant force on the bob equal to the 
difference in the weight of the bob before and after immersion in the melt, a  is the 
force on the suspension wire due to surface tension affects, V„ is the volume of 
the bob, and Vw is the volume of the immersed suspension wire.
The surface tension correction is usually very small is a very fine suspension 
wire is used to hang the bob from the balance. However, for completeness of 
equation 5, an equation will be given from which to calculate the surface tension 
correction :
o = 2 jt r y cos 9  (6)
where r is the radius of the suspension wire, y is the surface tension of the melt,
7TO BALANCE
Figure 3-1. Schematic Drawing of a Direct Archimedes'
ft
Experiment
8and 6  is the contact angle that the suspension wire makes with ihe melt.
Inspection of equation S reveals that it is crucial to know accurately the 
volume of the bob. Good data require that the bob interact well within the melt. 
However, the bob must be inert in the melt, or the volume will change because of 
a chemical reaction between the bob and the melt. This reaction will lead to 
concentration changes of the melt, and changes in the volume of the bob that 
cannot be explained by thermal expansion alone.
3.3 Experimental Apparatus
The apparatus used to collect the data presented here was built by Lira (1986) 
and will only be reviewed here. An entire schematic of the apparatus is presented 
in Figure 3-2. The review of the apparatus will begin in a top-down order.
The balance housing was fabricated from stainless steel and contained a 
Sartorius model 1403 MP 8 electronic balance accurate to 1 mg. The top of the 
balance housing was bolted with a 1" thick Lexan top sealed with an o-ring. 
Electrical feedthrough for the balance housing was provided for by attaching three 
pyrex thermometer feedthroughs on a single o-ring fitting. In the thermometer 
feedthroughs were aluminum rods which contained the power lines. Feedthroughs 
were also provided for the thermocouple transmission lines, the argon gas supply, 
and the switch to tare the balance. The argon supply was fed in through the top of 
the balance housing. Once inside the housing, the balance could be levelled by 
adjusting three knurled knobs. The balance housing supported the entire apparatus 
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These supports were attached to a unistrut framework. The three knurled knobs 
rested on the two shelf supports.
The quartz tube was connected to the housing balance by means of a one foot 
long, two inch diameter, stainless steel pipe. Midway on the pipe was a side pipe 
containing a one inch ball valve. The side pipe led to a cold trap and a Sargent- 
Welch 140S vacuum pump. The bottom end of the foot lon. j pipe contained a 
cooling block through which tap water was circulated. The cooling block 
effectively cooled down any hot gases before they reached the housing balance. 
Also near the bottom of the foot long pipe was a feeder tube inlet, and to the side, 
a thermocouple vacuum gauge.
Two matching flanges and a thumb screw clamp were used to connect the 
quartz tube to the foot long pipe. The top of the quartz tube had a groove for an 
o-ring so the connection would be airtight. The quartz tube was 48" in length and 
was constructed from a SO mm I.O., 54 mm O.D. tube. There were pyrex flanges 
on booth ends with a groove for an o-ring. The argon exited the quartz tube 
through a stopcock. The argon then flowed through a rotameter for metering 
purposes.
Suspended from the bottom of the quartz tube was the crucible support 
platform. A thumb screw clamp was used to attach the support platform to the 
lower pyrex flange. Because the quartz tube expanded upon heating, the support 
platform was hung freely from the pyrex flange. A schematic of the crucible 
support apparatus is provided for in Figure 3-3. The base of the platform was 
made from two rectangular aluminum plates connected by four aluminum rods. The
11
Figure 3-3 Crucible Support Apparatus (Lira, 1986)
top plate was fastened with one screw to each of the rods. Two V2" stainless steel 
rods connected by a 7j" brass tubing union ran through the base of the crucible 
support. The top of the rod was threaded so that a 13A" diam.,
2‘/„" high crucible support block could be screwed on. The support block was 
fabricated from stainless steel and was hollowed on the top to a depth of 1 'A". The 
O.D. of the walls of the hollowed out portion was V,t". The crucibles containing 
the metal samples were rested on this block and were centered in the block with 
small pieces of insulation. The crucibles had a composition of 99.8% alumina and 
were obtained from McDaniel Refractories ( cat no. AACN 3766 ).
The heat shields for the lower section were constructed from 'At" stainless 
steel and had a diameter of about 47 mm. The nine lower heat shields were 
suspended from the crucible support block by 20 gauge chromel wire. The heat 
shields had a hole in the center so that they could be positioned on the 'A" 
stainless steel rod. The heat shields were spaced by 1" long , ‘A" alumina tubing.
The upper portion of the quartz tube contained 10 heat shields made as the 
same dimensions as the lower heat shields. The heat shields were attached to two 
7„o stainless steel threaded rods. 7« hexagonal nuts were used to level the upper 
heat shields about l'A" apart. This method was chosen in place of using chromel 
wire because the threaded rods offered rigidity and prevented the upper heat shield 
assembly from twisting. The threaded rods were screwed onto 7m" stainless steel 
strips. These strips then screwed into a plate located near the cooling block. The 
heat shields had holes for passage of the feed tube, the center hole for the 
suspension wire, and two holes for 7," quartz thermocouple sleeves. The heat
12
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shields were necessary to maintain temperatures in excess of 1000° C in the
furnace zone. The heat shield assemblies also worked well in that the temperature
at both ends of the quartz tube was about room temperature.
Inside the thermocouple sleeves were thermocouples made from a matched set 
of chromel-alumel wire .015" in diameter. The wires were contained in a alumina 
sheath available from McDaniel Refractories. Both thermocouples were placed 
inside the melt. Two thermocouples were used because one of the thermocouple 
failed in a few of the experimental runs. The thermocouples were calibrated to 
within 5° C by measuring the freezing points of pure silver, aluminum, and tin.
A metal addition apparatus was attached to the feeder tube and its schematic is 
presented in Figure 3-4. The metal addition apparatus permitted multiple
concentrations per run. The pyrex sample bottle had a volume of 250 cc and was
made of glass so that by inspection it was possible to see if all the metal pieces 
had been added to the crucible. The pyrex sample bottle was connected to a 
vacuum and argon supply. This feature insured that upon addition no air would 
enter the quartz tube. A length of 20 gauge chromel wire was inserted through a 
septum into the feeder tube to check for and to dislodge any potential jams. The 
metal pieces for the addition were kept as small as possible to avoid jamming the 
feeder tube. The metal pieces were added slowly to avoid splashing upon contact 
with the melt in the crucible.
The quartz chamber was surrounded by a three zone furnace consisting of 
semi-cylindrical heating units. This feature allowed the furnace to be opened to 
inspect the crucible. The upper and lower heating units were 4" long, Lindberg
14
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Figure 3-4. Metal Addition Apparatus.
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model 50202, type 82-KSP heating elements. The center heating unit was an 8" 
section, Lindberg model 50222, type 2708-KSP heating element. Each furnace was 
independently controlled with its own Omega Series 6100 temperature controller. 
The temperature measured by each controller was obtained by placing a chromel- 
alumel thermocouple between the heating unit and the quartz tube in the range of 
the zone that it was controlling. The furnace did an excellent job of maintaining 
temperatures within the crucible as high as 1100° C. Temperature control was also 
excellent as the temperature could be maintained to within 1° C for extended 
periods of time. The heating units were contained by an iron frame and aluminum 
shell. Insulation for the heating units was done with 3" of Fiberfax short staple 
ceramic fiber insulation available from Union Carbide.
3.4 Calibration of the Bob Volume
The bob used to collect the data presented here was made of tungsten and was 
approximately 9 cm3. An illustration of the bob used in the experiments is 
presented in Figure 3-5. The bob was machined from a 1" long, 1" diameter 
cylinder obtained from A. D. Mackay Inc.
It was necessary to calculate the volume of the bob before each experiment. 
The volume of the bob was calculated by using a direct Archimede's technique in 
deionized water at room temperature. Accurate data for the density of air and water 
was obtained from the Handbook of Chemistry and Ehysks- The equation used to 
calculate the volume of the bob is given by :
v c = A A / ( pw - pA ) - Vw , (7)
16
FRONT VIEW
Figure 3-5. Illustration of the Bobs used in the Experiments.
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where Vc is the calibrated volume at the weighing temperature, A A is the 
difference in the weight of the bob before and after immersion in the water, pw is 
the density of the water at the weighing temperature, pA is the density of the air at 
the weighing temperature, and Vw is the volume of the immersed suspension wire. 
The equation neglects surface tension affects.
3.5 Thermal Expansion of the Bob
The linear coefficient of expansion given by Bockris, et. al. (1959) was used 
to calculate the volume of the bob at the temperature of the liquid melt.
E w  * 10* » 4.35 + 0.15 x  10-’ T + 0.17 x  1&‘ T2. (8)
When T is in °C, e has the units of °C‘.
3.6 Density Measurements at High Temperatures 
The equation used to calculate the density of the melt is :
pL = A A / { [ V, ( 1 + eT )3 / ( 1 + eT )3 ] + 0.001 } (9) 
where pL is the density of the liquid melt and has units of g/cc. The subscript c 
indicates that the variable should use the value at the calibration temperature. The 
value of 0.001 in the denominator is used to include the volume of the submerged 
wire and has units of cm3. The density of argon at the melting temperatures of the 
samples has been assumed to be negligible. The fine tungsten suspension wire used 




Any non-granular form metal samples were rinsed with acetone, weighed, and 
placed in the crucible. The apparatus components were then cleaned and 
assembled. The bob was positioned in the upper heat shield assembly so that it 
came to rest in the middle of the center hole. The quartz tube was then slipped 
over the upper heat shield assembly surrounding the suspended bob. Then, the 
lower crucible support with the crucible was attached on the quartz tube. The 
balance was then positioned and levelled with the knurled knobs so that the 
balance was level and the bob was suspended in a perfect vertical direction. The 
Lexan top was then bolted on. Finally, the chamber was evacuated twice and 
purged with argon ( at least one hour - usually overnight).
The metal samples in the crucibles were melted by stepping the temperature of 
the heating units 50“ C at a time. Once melted, the crucible was moved up and 
down a number of times to mix the melt. The temperature was then moved to the 
point of interest, and the melt was remixed before each data point was taken to 
insure consistent data. It was found that the best data was obtained by going to the 
highest temperatures first. The furnace door was then opened slightly to permit the 
crucible contents to cool.
The metal addition apparatus was used if more than one concentration per run 
was necessary. The metal to be added was cut into small pieces, weighed, and 
added to the pyrex sample bottle. The sample bottle was then evacuated and 
purged with argon twice. The metal pieces were then added slowly, and any jams 
were checked by insertion of a chromel wire into the feed tube. The number of
19
additions was usually limited to two because of concentration uncertainties caused 
by evaporation and splattering. Thus the maximum number of concentrations 
possible per experiment was three.
After the experiment was over and the apparatus had cooled, the apparatus 
was broken down and cleaned. The stainless steel components and the quartz tube 
were soaked in acetone. They were then rinsed with water and acetone. Any 
metallic vapor that had deposited on the stainless steel components could be 
removed with an emory cloth. If the bob had oxidized, a grinding wheel was 
sometimes used to restore the brilliant finish.
3.8 Experimental Results
Density measurements were performed for three pure liquid metals and four 
binary liquid metal alloys. Graphs of the molar volume and excess volume versus 
temperature are included here. Also density and molar volume data are presented 
in tabular form in Appendix B.
All the experiments were performed using a tungsten bob in an argon 
atmosphere on the direct Archimede’s density apparatus. The diameter of the 
suspension wire was 0.25 mm for a tungsten wire in all the cases.
An error analysis gives errors in the molar volume of about +/• 0.1%
( approximately +/- 0.015 cc/gmole ). This gives errors in the excess volume of 
approximately +/- 0.02 cc/gmole. The graphs presented use abbreviations after the 
author to signify the type of method used. The abbreviations used here are :
20
Ar = Archimedean
Pyc = Pycnometric 
Dil = Dilatometric 
MBP = Maximum Bubble Pressure.
3.8.1 Pure Bismuth
Figure 3-6 shows the experimental results for the bismuth volumetric data 
collected and Figure 3-7 compares the data with other workers. The data was good 
and was collected to check the reproducibility of data on the apparatus. The best 
straight line through the data is
v* = 0.002665 T + 20.060
where v has units of cc/gmole when T is in °C. Figure 3-7 shows that the 
agreement is good with all the workers. The bismuth was obtained from Aldrich ( 
cat. no.26,547-0 ) and had a purity of 99.9%.
3.8.2 Pure Indium
Figure 3-8 shows the experimental results for the indium volumetric data and 
Figure 3-9 compares the data with the findings of other workers. The data was 
good and was taken as part of work with the In-Sb system. The data also spanned 
a greater liquid range than most of the past workers. The best straight line through 
the data is
vto r: 0.001829 T + 16.056
where v has units of cc/gmole when T is in °C. The indium was obtained from 
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3.8.3 Pure Antimony
Figure 3-10 shows the experimental results for the antimony volumetric data 
and Figure 3-11 compares the data the findings of other workers. The data was 
easily obtained and falls midway in the range of other workers. Again, this data 
was used to check the reproducibility of data on the apparatus. The best straight 
line through the data is
vSb = 0.001667 T + 17.673
where v has units of ec/gmole when T is in "C. The antimony was obtained from 
Aldrich ( cat. no. 26,633-7 ) and has a purity of 99.8%.
3.8.4 Antimony-Tin Alloys
The Antimony-tin phase diagram indicates that the system is a simple eutectic. 
The two metals have similar densities and therefore the excess volumes should be 
small. This was the finding. Figure 3-12 presents the molar volume data and figure 
3-13 presents the excess volume data. The experimental uncertainty in the 
experimental data was ♦/- 0.02 cc/gmole. The excess volumes for the system are 
small and can considered to be zero ( see Hansen ). The empirical equation fit to 
the data is given below.
v“( 900 “C ) = xSbxs„( 0.1464 + 0.0689(x*, - x j )  (10)
Four Experiments were used to obtain the eight sets of data: pure Sn-20% Sb, 30% 
Sb, 70-50% Sb, and pure Sb. The antimony used was the same as used in the pure 
antimony experiment. The tin used to initially start the experiment was A.C.S. 
reagent obtained from Aldrich. Tin shot from Aldrich ( cat. no. 21,769-7; purity =

















































m to o T|





















































EXCESS VOLUMES OF Sb-Sn ALLOYS
30
99.8% ) was used when tin was added from the metal addition apparatus.
3.8.5 Bismuth-Zinc Alloys
The phase diagram, for Bismuth-z'nc indicates that there is a region of liquid- 
liquid immiscibility present. Density measurements were performed previously for 
this system by Okajima and Sakao (1982 ). No tabulated data was given so excess 
volumes could not be calculated. The molar volume data is presented in Figure 3- 
14 and the excess volumes are presented in Figure 3-15. The data was somewhat 
difficult to obtain especially in the areas of high liquid-liquid immiscibility. Data 
for 70% and 10% were unobtainable because the bob drifted in the melt and did 
not seem to wet. It is possible that this was an immiscible region even though the 
phase diagram indicated otherwise. The empirical equation fit to the data is 
v“( 600 ®C ) = xBiXz„( 0.7577 - 0.1167(xBi - XzJ). (11)
Alloys with regions of liquid-liquid immiscibility usually have positive 
deviations from Raoult’s law, and thus positive excess volumes. The deviations in 
die excess volume data from the empirical excess volume curve in Figure 3-15 can 
be explained by evaporation of one component. Because it was necessary to stay 
above the immiscibility curve, it was often necessary to operate at temperatures 
where the vaporization of zinc was noticeable. This vaporization led to 
uncertainties in the actual concentration of the melt in the crucible. This 
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Four runs were needed to obtain the eight sets of useable data: pure Bi-80% 
Bi, 60%Bi, 50-30% Bi, and 20% Bi. the concentrations 10% and 70% Bi were 
attempted twice each, but no data was obtainable for these. The Bi metal initially 
used to fill the crucible was the same as used in the pure bismuth experiment. The 
bismuth used to add to the crucible was obtained from Aldrich ( cat. no. 20,283-5 
) and had a purity of 99.999%. The zinc data was obtained by Lira ( 1986 ).
3.8.6 Lead-Antimony Alloys
Density data for the lead-antimony system were previously taken by 
Greenaway (1947) using a maximum bubble pressure technique. Calculation of 
excels volumes from this data yield both large positive and negative values. The 
Lead-antimony phase diagram is a simple eutectic with elements of varying 
densities. Thus it was expected that the excess volumes fot lead-antimony wot Id 
be slightly greater than those for antimony-tin. The experimental findings confirm 
this. Figure 3-16 presents the experimental molar volumes and Figure '1 7  presents 
the experimental excess volumes. The empirical equation fit to this data is 
v“( 700 #C ) = x?bxa ( 0.3039 - 0.0478(x* - xSb)). (12)
The data was generally easy to obtain, but problems arose with the tungsten bob 
oxidizing. It was noticed that upon breaking the system down after a run, the bob 
had oxidized at spots on the surface to a reddish color. These problems were 
present in the 40-60% lead concentration range. No reliable data was ever 
obtainable for 60% lead. The excess volume calculated at this composition was 
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calculate the nine sets of useable data: pure Sb-80% Sb, 50% Sb-70% Sb, 90% Pb, 
and 80% Pb-70% Pb.
It was found that in this system an extra thermocouple added to the melt could 
further the experiment after the other thermocouple had failed.
The pure lead data was obtained from Hansen ( 1988 ). The antimony metal 
was the same metal as used in the pure antimony experii ent.
3.8.7 Indium-Antimonv Alloys
The volumetric data for the indium-antimony system is presented in Figure 3- 
18 and the excess volumes are presented in Figure 3-19. A search of the literature 
indicated that no previous density data had been collected fo, mum-antimony 
alloys. The data again was generally easy to obtain except for 30-40% In where 
oxidation of the bob occurred. As was standard these concentrations were redone, 
but no reliable data was obtainable. The oxidation on the bob was an orange-red 
color and had to be removed with a grinding wheel. All attempts were made to 
keep air out of the quartz chamber, but the oxidation problems might be some 
chemical reaction occurring only at certain concentrations of the melt. The excess 
volumes have been found to fit the following empirical equation:
v“ ( 700 “C ) = xtax*( 0.9950 + 0.4037(xta - x j ) .  (13)
The phase diagram for Indium-antimony indicates that the system is a 
compound forming system with a 1:1 compound at 50% In. This would indicate 
that the excess volume should be negative especially at this concentration due to 
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reverse trend where the excess volumes are very positive and goes as high as about 
0.25 cc/gmole.
Pour experiments were necessary to obtain the eight sets of useable data: pure 
ln-80% In, 90% Sb-80% Sb, 70% In-60% In, and 50% Sb. The data for the 
antimony used in these experiments came from the pure antimony experiment. The 
indium used for this experiment was obtained from Aldrich ( cat no. 26,408-3 ) 
and had a purity of 99.999 +%.
3.9 Analysis of Errors
A thorough error analysis for this work is presented by Hansen ( 1988 ). 
Uncertainties in the experiments were mainly a result of scatter in the balance 
readings and uncertainty in the bob volume.
As mentioned previously these uncertainties resulted in an error in the molar 
volume of about +/• 0.1% ( about +/- 0.015 cc/gmole ). This leads to errors in the 
excess volume of about +/- 0.02 cc/gmole.
This work was done in a careful manner and on the same equipment so that 
any systematic errors would cancel out The good fit of the data and the agreement 
with other workers verify this.
3.10 Conclusions
Density data was obtained for the pure liquid metals Bi, In, and Sb and the 
four binary liquid metal alloy systems: SbSn, BiZn, PbSb, and InSb. Excess 
volumes were then calculated for these four systems.
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The effort put into obtaining this data in a orderly way contributes to the 
quality of the data and the agreement with workers with regards to the pure liquid 
metal data.
Tables of the experimental data can be found in Appendix B.
3.11 Recommendations for Future
This work was a rewarding experience because it gave me the opportunity to 
work as a team member with Dr. Eckert and his graduate assistants. The exposure 
to this kind of experience as an undergraduate is an invaluable asset that I will 
always cherish. Also, the opportunity to supplement the literature is one that should 
not be passed up.
The design of the apparatus by Carl Lira is excellent. The volume of quality 
data that has been obtained by Carl Lira, Allen Hansen, and me is testimonial to 
this. The volumetric data available in the literature is lacking in parts, and for this 
reason, some experiments should be continued in future years.
The demand for new materials in the future indicates that this work might 
have some utility in yielding information about non-metals as well. The use of 
transition metals in the semi-conductor industry might open up possible 
experiments to be done in the future. The work to be done in obtaining density 
data off of this apparatus is suitable for an undergraduate. This is a considerable 
project, and as such, should be taken on only by a junior or senior who is willing 
to commit at least two semesters. The first semester is necessary to learn the 
apparatus and assist somebody else in an introductory experiment. For this reason
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this project would probably not be a good choice for a Ch E 390 project.
I can honestly say that from my own experience I am glad that Dr. Eckert and 
Allen Hansen gave me the opportunity to work with them.
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APPENDIX A
TABULATION OF EXPERIMENTAL CONSTANTS 
Presented below is the empirical data fit for the best constants. Also included 
is a documentation of the FORTRAN program used to fit the data.
ALLOY ( A-B ) A, x 104 Ai B. x 104 B,
Sb-Sn 5.3487 -0.33942 2.5085 -0.21395
Bi-Zn -3.1837 0.94872 -22.135 1.2114
Pb-Sb 4.973 -0.04419 4.1111 -0.33557
In-Sb 2.8885 0.79281 -0.3838 0.67234
where A, and B, have units of cm* gmole'1 "C‘







$DEBUG .**.*.•«.**•***>.*».*****»*••***•**<c ........ *......... ... ................... .................
C TH’ J PROGRAM USES THE IMSL SUBROUTINE ZXSSQ TO FIT FOUR PARAMETERS OF 
C A REDLICH-KISTER EXCESS VOLUME EXPRESSION TO EXPERIMENTAL DATA.
C « ... ..............................................................................*
C EXTERNAL AND DATA DECLARATION STATEMENTS FOLLOW.
C ...........C ............ .....................................................
PVT^RNAL rtj||C
REAL PAIW(4)( X ( 4 ) ,F ( 1 0 0 ) ( X J A C ( 1 0 0 , J ) , » R K a 3 0 ) ,X J T J < l O ) l
1 EPS, DELTA, SSQ, CONC < 100) ,  VWIX(IOG) , TEMP (1 0 0 ) ,
2 AI A2t|l,B2








PROGRAM OPENS FILE WHICH READS IN EXPERIMENTAL DATA. PROGRAM ALSO 








OPEN( 1 , F IL E - 'B :ALSN.DAT')
DO 99 I-1 ,M















READ!*, •) X (3) 
WRITE!*,16) 
FORMAT!'
READ( * , * ) X(4)
ENTER F.RST GUESS 
ENTER FIRST GUESS 
ENTER FIRST GUESS 
ENTER FIRST GUESS
FOR A ! 0 ) ' )  
FOR A ( l ) ' ) 
FOR B( 1 ) ' )  













call zxssq (func, m,n,nsic, eps, delta, maxfn, iopt, farm, x, ssq, r, xjac, 
I i xjac, xjtj,work, infer, ier)
PROGRAM PRINTS OUTPUT SECTION. IF USER IS NOT SATISFIED, 
PROGRAM REPEATS.
WRITE ( \ 20) SSQ
2 0 '  FORMAT ( '  IMSL SSQ , E10 .5)
WRITER, 30) WORX(5) __________ _  . .30 FORMAT (' ITERATIONS PERFORMED ,F5.0)
WRITE(*, SO) INFER ,
90 FORMAT( '  IMSL INFER • ' ,  13)
WRITE( * ,4 0 ) IER
40 FORMAT( '  ERROR CODE IF ANY - M 3 )
WRITE(*, 5 0 |X (I )
50 FORMAT( '  A(0) - S r U . I )
NRXTE(*,60)X<2)
€0 FORMAT( '  AO) - ' .F 1 2 .A )
WRITE!*,70)X(3)
70 FORMAT( '  B(0) F l 2 . l t  
WRITE(*, 8 0 ) X(4)
SO rORMATT B(l)  - ' , r i 2 . l /WRITE(* 66)RDUKT66 FORMAT(* THE NUMBER OF DATA POINTS READ -',12)
WRITE(«, 75)
75 FORMAT ('
READ!*, •) NUM IF(NOM.EQ.2)GO?0 555 
END
ARE TOO SATISFIED? 0-Y,2-N)')
C ......... .....C ....................................*.............
cC THE SUBROUTINE FUNC CALCULATES THE RESIDUAL VOLUME.
C ...........
SUBROUTINE rUNC(X,H,N,F) t nREAL X(4), F(100) ,OONC(lOO), VMIX(IOO) ,TEMP (100), A, B 
COMMON /ISO/TEMP,VMIX,C0NC,A1 ,BI,A2,B2 
DO 100 I-l,M A-X(l) ‘TEMPO) *X(2)
F(I)-VMIXO)- ((CONC(I) *A1 ♦ (1.-CONC(1)) *A2)) • TEMP (1)






TABULATION OF EXPERIMENTAL DATA
Presented below is the experimental data for this work in tabular form. All 
temperatures, T, are in *C; all densities p, are in g/cc; and all volumes, v, in 
cc/gmole. The compositions are based on atomic percentages. Below each set of 
data is the linear least squares fit of the data with the accompanying linear 
correlation coefficient. Temperatures are accurate to +/• 5 °C. Densities and 








p a  10.368 - 0.001180 T 
re = -0.99941





























p = 7.133 -0.000728 T
rc = -0.999501








p = 6.860 -0.000567 T 
r„ * -0.999216
v = 17.673 + 0.001667 T 
rc = 0.999368
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p = 7.116 -0.000677 T 
r, = -0.999588
v = 16.655 + 0.001868 T 
rc = 0.999684







p = 7.067 - 0.000641 T 
rc = -0.999893
v = 16.808 + 0.001743 T 
r„ = 0.999934
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P = 7.065 -0.000669 T
r«, = -0.999937
v = 16.848 + 0.001839 T 
rc > 0.999891







p = 7.001 - 0.000639 T
rc = -0.999884
v = 17.112 + 0.001762 T 
r0 = 0.999746
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p = 6.987 - 0.000644 T 
rc = -0.999864
v = 17.174 + 0.001814 T 
rc = 0.999685







p = 6.984 -0.000657 T 
rt = -0.998771
v = 17.211 + 0.001874 T 
rc = 0.998282
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p = 8.081 - 0.001028 T
r . « - 0.999845
v = 11.541 + 0.001771 T 
rc = 0.999788







p = 8.344 -0.000852 T 
rc = -0.981205
v = 12.926 + 0.001531 T 
re = 0.981982
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p > 8.772 - 0.000956 T
rc = -0.999767
v = 13.919 + 0.001768 T 
rc « 0.999753







p = 9.133 - 0.000981 T
= -0.998154
v = 14.938 + 0.001864 T 
r„ = 0.998562
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p = 9.377 - 0.000917 T
r„ = -0.996256
v = 16.106 + 0.001771 T 
r. = 0.996606








p = 9.896 - 0.001091 T
r. = -0.999374
v = 18.150 + 0.002259 T 
rc = 0.999556
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p = 10.158 - 0.001158 T
rc = -0.999882
v = 19.095 + 0.002451 T 
r„ = 0.999627







p = 7.325 - 0.000675 T
rc = -0.999792
v = 17.690 + 0.001895 T 
r„ = 0.999714
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p = 7.753 - 0.000734 T
r . « - 0.999504
v = 17.806 + 0.001964 T 
r, = 0.999667







p = 8.158 - 0.000764 T 
ru -  -0.999756









p = 8.562 - 0.000803 T
r. = - 0.999617
v = 18.130 + 0.001949 T 
r„ = 0.999812








p = 8.989 - 0.000891 T
r. = - 0.999935
v = 18.210 + 0.002077 T 
r0 = 0.999974
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p = 9.849 - 0.001047 T
r„ = - 0.999894
v = 18.314 + 0.002294 T 
rc = 0.999968







p = 10.237 - 0.001078 T
r. = - 0.999637
v = 18.465 + 0.002267 T 
r6 = 0.999876
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p = 10.690 - 0.001218 T
r.= - 0.997493
v = 18.504 + 0.002416 T 
rc = 0.998375







p = 6.886 - 0.000615 T
r. * - 0.999902
v -  17.490 + 0.001803 T 
r, = 0.999837
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p  -  6.874
Tc -  -
18.552
- 0.000605 T 
0.999565
v = 17.416 + 0.001776 T 
r, = 0.999588








p = 6.875 - 0.000607 T
r. = - 0.999411
v = 17.132 + 0.001726 T 
rc -  0.999162
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p = 6.909 - 0.000631 T
« - 0.999387
v = 16.959 + 0.001747 T 
r. = 0.999551







p = 6.946 - 0.000652 T
r. = - 0.999568
v = 16.769 + 0.001775 T 
r„ = 0.999614
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p = 6.988 - 0.000684 T
r . » - 0.999972
v = 16.562 + 0.001846 T 
r„ = 0.999953








p = 7.042 - 0.000687 T 
rc * - 0.999593











e linear coefficient of expansion
6  contact angle
p density








Bockris, J., White J., and Mackenzie, Physicochemical Meamirementa at High 
Temperatures. Butterworths, London (1959).
Crawley, A. F„ "The Densities of Liquid Cadmium and Indium," Trans. M et Soc. 
AIMS. 242. 2237 (1968).
Crawley, A. F. and Kiff, D. R„ "Density of Liquid Bismuth," Metall. Trans.. 2, 
609 (1971).
Crawley, A. E, "Densities of Liquid Metals and Alloys," Int. Metall. Rev.. 12, 32 
(1974).
Eckert, C. A., Irwin, R., and Graves, C., "Liquid Metal Solvent Selection: The 
MgO Reduction Reaction," IftEC Proc. Das. Dev.. 22. 210 (1984).
Hansen, A. R., Excess Volumes of Liquid Metal Alloys. M. S. Thesis, University 
of Illinois, Urbana, II. (1988).
Greenaway, H. T„ "The Surface Tension and Density of Lead-Antimony and 
Cadmium-Antimony Alloys," J. Inst. Metals. 21. 133 (1948).
Hogness, T. R„ "The Surface Tensions and Densities of Liquid Mercury, 
Cadmium, Zinc, Lead, Tin, and Bismuth," J. Amer. Chem. Soc.. 1621 (1921)
Kirahenbaum, A. D., Cahill, J. A., and Grosse, A. V., "The Density of Liquid Lead 
from the Melting Point to the Normal Boiling Point," J. Inorg. Nucl. Chem.. 22. 33 
(1961).
Kirshenbaum, A. D., and Cahill, J. A., "The Density of Liquid Antimony," Trans. 
ASM, 55, 849 (1962).
Kirshenbaum, A. D„ and Cahill, J. A., "The Density of Liquid Tin from Its 
Melting Point to Its Normal Boiling Point and an Estimate of Its Critical 
Constants," Trans. ASM. 844 (1962).
Lira, C. T„ Carbothermic Reduction of Aluminum in a Cooper Solvent.
M. S. Thesis, University of Illinois, Urbana, 11. (1984).
Lira, C. T., Volumetric Behavior of Liquid Metals and Alloys. Ph. D. Thesis, 
University of Illinois, Urbana, II. (1986).
63
Lucas, L., "Viscosity and Densitometry," in Physicochemical Measurements in 
Metals Research. Vol. 4, Part 2 of Techniques in Metals Research.
Rapp, R. A., Ed., Interscience, New York (1970).
Matuyama, Y., "On the Density of Molten Metals and Alloys," Sci. Rep. Tohuku 
Imp. Univ- IS, 19 (1929).
Okiqima, K„ and Sakao, H., "Volumes of Mixing of Liquid Alloys,"
Trans. Japan Inst Metals. 24(4), 223 (1983).
predel, B. and Eman, A., " Excess Volumes of Molten Alloys of 
Bismuth-Tin, Tin-Thallium, Lead-Tin, Bismuth-Thallium, and 
L ad-thallium  Systems," Mat Sci. Eng.. 4, 287 (1969).
Veasey, S. D., and Roe, W. C., "Review: Density Measurement in Liquid Metals 
^*d Binary Systems - A Survey," J. M a e  fe i j ,
